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The Journal of Immunology
Clonally Diverse T Cell Homeostasis Is Maintained by
a Common Program of Cell-Cycle Control
Thea Hogan,*,1,2 Andrey Shuvaev,†,1,3 Daniel Commenges,† Andrew Yates,‡
Robin Callard,* Rodolphe Thiebaut,†,4 and Benedict Seddonx,4
Lymphopenia induces T cells to undergo cell divisions as part of a homeostatic response mechanism. The clonal response to
lymphopenia is extremely diverse, and it is unknown whether this heterogeneity represents distinct mechanisms of cell-cycle
control or whether a common mechanism can account for the diversity. We addressed this question by combining in vivo and
mathematical modeling of lymphopenia-induced proliferation (LIP) of two distinct T cell clonotypes. OT-I T cells undergo rapid
LIP accompanied by differentiation that superficially resembles Ag-induced proliferation, whereas F5 T cells divide slowly and
remain naive. Both F5 and OT-I LIP responses were most accurately described by a single stochastic division model where the rate
of cell division was exponentially decreased with increasing cell numbers. The model successfully identified key biological
parameters of the response and accurately predicted the homeostatic set point of each clone. Significantly, the model was
successful in predicting interclonal competition between OT-I and F5 T cells, consistent with competition for the same
resource(s) required for homeostatic proliferation. Our results show that diverse and heterogenous clonal T cell responses can
be accounted for by a single common model of homeostasis. The Journal of Immunology, 2013, 190: 3985–3993.
T
he size and composition of the T lymphocyte compartment
is subject to strict homeostatic regulation and is remark-
ably stable throughout life, despite variable dynamics in
cell production and death during T cell development and immune
responses (1, 2). Homeostasis is achieved by careful orchestration
of lymphocyte survival and cell division. Naive T cell survival
critically depends on sufficient access to the cytokine IL-7 (3–6)
and TCR signals (7–12) induced by contact with self-peptide
MHC (spMHC) on dendritic cells (13). Lymphopenia induces
naive T cells to undergo cell divisions that depend on TCR sig-
naling (3, 14–17), but differ from Ag-induced proliferation by the
nonredundant requirement for IL-7 (4, 6, 13). Interestingly,
lymphopenia-induced homeostatic proliferation can also be as-
sociated with acquisition of a memory phenotype, and such cells
share both functional and molecular characteristics of conven-
tional memory cells (18, 19). In lymphoreplete mice, naive T cells
are largely noncycling (20). In contrast, homeostatic cell division
plays a more important role in maintaining naive T cell homeo-
stasis in humans, even in replete conditions, as cell division is
evident in the naive pool (21, 22), whereas recent thymic emi-
grants and naive T cells from cord blood have an enhanced ability
to divide in response to IL-7 signaling (23, 24).
To date, our understanding of the processes controlling survival
and proliferation of T cells is largely qualitative. Detailed quan-
titative knowledge of how homeostatic responses result in the
observed equilibrium of the T cell pool with a given size and
composition is lacking. The homeostatic T cell response to lym-
phopenia results in highly diverse cellular behavior by different
T cell subsets and clonotypes. Some T cell clonotypes hardly
respond at all, whereas others undergo multiple rounds of cell
division and phenotypic differentiation (25–28). The question
remains, however, whether the diverse homeostatic cell division
observed in vivo can be accounted for by a single set of simple
rules, and if so, which are the key parameters that explain the
diverse range of behavior? Furthermore, can such a set of rules be
successfully extrapolated to make specific predictions of complex
cellular behavior such as competition between clonotypes for
a common resource? In this study, we sought to address these
questions by using mathematical models based on current
knowledge of cell-cycle regulation.
Materials and Methods
Mice
C57BL/6J Ly5.1, C57BL/6J Rag12/2, F5 Rag12/2 (F5), and OT-I Rag12/2
(OT-I) mice (all H-2b haplotype) were maintained in a conventional
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pathogen-free colony at the National Institute for Medical Research
(London, U.K.). All experiments were performed according to institutional
guidelines and Home Office regulations.
Flow cytometry
Flow cytometry was conducted on 2–5 3 106 lymph node or spleen cells,
or 40 ml whole blood. Cells were incubated for 1 h at 4˚C with saturating
concentrations of Abs and fixed with either intracellular fixation buffer
(eBioscience) or Fix/Perm (eBioscience). For intracellular staining, fixed
cells were incubated with saturating concentrations of Ab for 1 h at room
temperature. DNA staining was performed by addition of 0.25 mg/ml 7
aminoactinomycin D (7AAD; Sigma) immediately before sample acqui-
sition. mAbs used in this study were as follows: allophycocyanin-CD8 (53-
6.7; eBioscience), allophycocyanin-eFluor 780-CD44 (IM7; eBioscience),
eFluor 450-CD5 (53-7.3; eBioscience), FITC-CD5 (53-7.3; eBioscience),
Pacific Orange-CD8 (5H10; Invitrogen), PE-Ly5.2 (104; eBioscience), and
PE-Ki67 (B56, BD Pharmingen). Multicolor acquisition was performed on
a Canto-II instrument (BD Biosciences), and data analysis was performed
using FlowJo version 9.3 software (Tree Star).
Labeling and adoptive transfer of T cells
Single-cell suspensions were prepared from the lymph nodes of OT-I or
F5 donor mice. Cells were labeled with 2 mM of either CFSE (Invitrogen)
or CellTrace Violet (CTV) (Invitrogen) in Dulbecco’s PBS (Invitrogen) for
10 min at 37˚C and washed twice. One to two million labeled lymphocytes
were transferred to recipient mice by i.v. injection.
Calculations of cell recovery and expansion
Cell counts from spleens and lymph nodes of recipient mice were deter-
mined using a Scharf Instruments Casy Counter, and the proportion of total
cells that was donor derived was determined by flow cytometry. Total donor
cell recovery for individual mice was calculated by summing the number of
donor cells recovered from the spleen and lymph nodes. The size of the
precursor population was calculated by excluding expansion of cells in each
individual division within a given population, that is, dividing cell numbers
for cells in division i by 2i, as described previously (29–32).
Mathematical modeling
Themodel of proliferation used in this study assumes that cells undergo single
stochastic divisions (SSDs) and is therefore termed the SSDmodel. Themodel
construct is based on one first used by Smith and Martin (SM model) (33) to
describe division in cell lines and that has been used more recently in
a number of studies quantifying lymphocyte dynamics using CFSE data (28,
34–36). As with the SM model, in the SSD model, cells are in one of two
compartments that approximate to resting (A phase) and dividing (B phase)
cells (Fig. 1). Cells are assumed to take a fixed time to transit the B phase,
corresponding to the G1, S, G2, and M phases of the cell cycle. This contrasts
with the SM model in which cells in A phase were in G0 or G1 arrest,
whereas B phase were cells are in S-G2-M. Furthermore, the SSD model also
includes a conditioning time (T) before which cells are not susceptible to
induction of homeostatic cell division after transfer. Cells in A phase are
considered to be nondividing cells in G0 state. These cells can then receive
a stochastic trigger to enter the cell cycle (B phase) at a rate captured by the
parameter, l. A reduction in l dependent on the number of cells (compe-
tition for resources) was achieved by making l = l0 exp(2mN), with the
parameter m determining the size of the reduction caused by increasing
number of competing cells (N). In this equation, l0 can be considered to
represent the ability of each clonotype to respond to an unlimited resource
(i.e., in the absence of competition), m can be considered to be proportional
to the reciprocal of the resource availability, and N the total number of cells.
We assume the impact of T cell number on l should be proportionally the
same for all T cells, regardless of variation in l0 values for individual clones.
The parameter that quantifies this impact, m, was therefore made common to
both OT-I and F5, and estimated using both data sets together. The B phase,
the duration of which is described by the parameter D, represents cells in G1,
S, G2, and M stages of cycle, before returning to G0. In preliminary model
fits, the rate of cell death d was very close to 0 for both OT-I and F5,
suggesting little cell death occurred during the lymphopenia-induced
proliferation (LIP) response. Absence of cell death was also evident experi-
mentally by the constant number of T cell precursor numbers observed over
time (Fig. 2B). We therefore omitted d as a model parameter.
SSD model
The SSDmodel is an adaptation of the SMmodel (33) as applied previously
(28). It is supposed that cells are either in A or B phase (Fig. 1). The time
spent in A phase is exponentially distributed, such that each cell can make
the A→B transition at a rate l (the mean time for cells residing in A phase
is 1/l). On entering B phase, each cell undergoes cell division over a fixed
time DTC. We denote the number of cells having i divisions at time t in A
and B phase as Ai(t) and Bi(t), respectively. The population density of cells
in B phase will be bi(t; s), where s 2 [0; DTC] is the time spent in B phase.
Cells can die in A or B phase at a rate d. Then the number of cells having
undergone a given number of divisions with no death can be calculated
recurrently with the separate differential equations (n is the maximum
number of divisions that can be distinguished experimentally):
_A0ðtÞ ¼ 2 ðlþ dÞA0ðtÞfA0ðT Þ ¼ N0g
_AiðtÞ ¼ 2bi21ðt;DTCÞ2 ðlþ dÞAiðtÞ; fAiðT Þ ¼ 0g; i ¼ 1…n; t.T
∂biðt; sÞ
∂t
þ ∂biðt; sÞ
∂s
¼ 2 d biðt; sÞ; fbiðT; sÞ ¼ 0; biðt; 0Þ ¼ lAiðtÞg
BiðtÞ ¼
ÐDTc
0
biðt; sÞds:
The total number of cells with a given number i of divisions is Ni(t) = Ai(t) +
Bi(t), and the number of precursors is gi(t) = 2
2iNi(t), leading to the fre-
quency:
piðtÞ ¼ giðtÞ
+ni¼0giðtÞ
:
When using Ki67 or 7AAD as a cell-cycle marker, we assume that Ki67+ or
7AAD+ cells are in B phase. The predicted frequency of these cells is:
niðtÞ ¼ BiðtÞ
AiðtÞ þBiðtÞ:
In the SSD model, the A→B transition was allowed to decline as a function
of total number of cells: lðNÞ ¼ l0   exp

2h+ni¼0NiðtÞ

.
The autopilot model
The autopilot model (Supplemental Fig. 1) is similar to models used
previously to successfully analyze cell division in response to antigenic
stimuli (31). In this model, cells all receive an initial trigger to divide and
after a fixed time (T) enter cell division asynchronously with a defined
time/frequency distribution. In contrast with the SSD model, once division
is initiated, cells continue to divide in a deterministic manner for a fixed
number of divisions with cell division times of identical duration (D).
Modifications of this model allow loss (cell death) during proliferation, but
this was not used in this study because no death was detected experi-
mentally over the first 12 d (10–12 divisions) of the response.
This model assumes that all divisions except the first one occur in equal
fixed periods of time DAD. The time to first division is distributed according
to the continuous probability density function F(a, b; t). We investigated
Weibull, g, normal, and lognormal distributions. After the delay T of
triggering for division, the frequency of cells with i divisions at time t can
be calculated by
pi¼0

u
!
; t

¼ 12
ðt2T
0
Fða;b; sÞds
pi.0

u
!
; t

¼
ðt2T2ði21ÞDAD
t2T 2 iDAD
Fða;b; sÞds:
Parameter estimation
The equations to predict precursor frequencies pið u!; tÞ were solved nu-
merically using Runge–Kutta fourth order method. The parameters to esti-
mate were for the two-compartment model: u
!¼ ½l0;DTC; T ; d;m;  or h
and for the autopilot model: u
!¼ ½a;b;DAD; T . We used weighted sums
of squared residuals (SSRs) for optimization with variance over observed
frequencies with given i at given day as the measurement error function.
Minimization with respect to the parameters was done using MatLab v7.11.0
(R2010b; The MathWorks) with the fminsearch function.
Comparison of the models
Comparison of the different models was done using a cross-validation
approach. The whole data set was separated into two parts: a validation
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set with data for one given mouse, m, and a training set with the remaining
data (including M-1 mouse).
Parameter values were obtained by minimizing the SSR with the training
set. When using CFSE only:
SSR2mcfse ¼ +
n
i¼0
+
K
k¼1
+
M
j ¼ 1
jm

fcfseij ðtkÞ2 pi

u
!2m; tk
2
s2cfsei ðtkÞ
:
And when using CFSE and another marker (either Ki67+ or 7AAD):
SSR-mcfseþmarker ¼ +
n
i¼0
+
K
k¼1
+
M
j¼1
jm

fcfseij ðtkÞ2 pi

u
!2m; tk
2
s2cfsei ðtkÞ
þ

fmarkerij ðtkÞ2 ni

u
!2m; tk
2
s2markeri ðtkÞ
;
where f(t) and s2(t) are the observed frequencies and variances, respec-
tively. Here, i stands for the number of divisions (with total number n = 8),
k is the number of the sampling day (with total number K = 8), j is the
number of mouse,M is the total number of mice in the experiment (M = 32
for OT-I cells and M = 31 for F5).
At the next step, for each mouse m, the comparison reference value
(CrV) criterion is calculated with the estimated parameter values u
!
p using
the validation set
CrV cfsem ¼ +
n
i¼0
+
K
k¼1

fcfseim ðtkÞ2 pi

u
!2m; tk
2
s2cfsei ðtkÞ
for CFSE only or
CrV cfseþmarkerm ¼ +
n
i¼0
+
K
k¼1

fcfseim ðtkÞ2 pi

u
!2m; tk
2
s2cfsei ðtkÞ
þ

fmarkerim ðtkÞ2 ni

u
!2m; tk
2
s2markeri ðtkÞ
for CFSE and the additional marker.
The CrVm and u
!2m were calculated for each experimental mouse m in
the validation set. The final estimate of the cross-validation criteria was:
CrV ¼ 1
M
+
M
m¼1
CrVm. The lower value of CrV indicates the better model.
Results
Contrasting homeostatic responses by F5 and OT-I TCR
transgenic T cells
Homeostatic responses of two different TCR clonotypes (OT-I
and F5) were analyzed. T cells from F5 TCR transgenic mice
are specific for influenza NP (37). They undergo a relatively slow
rate of LIP and remain naive in phenotype (26). In contrast, OVA
peptide–specific T cells from OT-I TCR transgenic mice undergo
much more rapid LIP that is also associated with development of
effector function, memory phenotype, and gene expression in vivo
(18, 19). The differences in the behavior of these two clones is
likely to reflect differences in the functional avidity of each TCR
for spMHC and/or differing expression of IL-7R (38, 39), both
critical determinants of the LIP response. The broad range of
proliferative activity observed when F5 and OT-I T cells undergo
LIP mirrors very well that range of responses observed when
polyclonal CD8 T cells undergo LIP (28, 40), making these two
clones ideal for this study.
Detailed time courses of LIP by both TCR transgenic strains
were generated to test the fits of mathematical models (Fig. 1).
After transfer to lymphopenic Rag12/2 recipient mice, dye la-
beling and CD44 expression levels revealed distinct kinetics of
proliferation and differentiation (Fig. 2A). Although recoveries of
total T cells in both cases increased with time, OT-I cells accu-
mulated in greater numbers consistent with their greater cell di-
vision (Fig. 2B). The size of the precursor population of T cells
was calculated by excluding the expansive effects of cell division
(see Materials and Methods). Any reduction in the size of this
population would represent a loss of cells, most likely through
death or altered homing. The size of the precursor population,
however, remained relatively constant over time for both F5 and
OT-I T cells (Fig. 2B), indicating that there was little detectable
cell death during the course of the experiment.
LIP responses of both F5 and OT-I are accurately captured by
the single division competition model
LIP responses of OT-I and F5 were fitted to a density-dependent
model of T cell division, which assumes cells undergo SSDs
and in which the rate of entry into cell cycle decreases expo-
nentially with increasing cell numbers (Fig. 1). This model, termed
SSD hereon, is an adaptation of a previous two-compartment
model described and used by SM model to study cell division
by cell lines in vitro (33) and applied by us previously to analyze
LIP by F5 T cells (28). The SSD model implemented in this study
specifically differs from the SM model and its later applications
by using a density-dependent rate of cell division and by defining
nondividing cells as those specifically in G0, whereas dividing
cells are considered those in G1-S-G2-M stages. Best-fit parame-
ters for the SSD model were determined by minimizing weighted
SSR for LIP by both F5 and OT-I cells (Table I). As expected from
previous studies, the SSD model was successful in describing LIP
by F5 T cells as apparent in the predicted division profiles (Fig.
3A) and time course of mean divisions of the populations (Fig.
3B), which in both cases closely matched observed data. Despite
the differences between the parameterization of the SSD model
and the earlier SM model (28) and the constraining data sets,
specific estimates of T, D, and l0 (2.6, 0.24, and 0.29, respec-
tively) were in close agreement with this earlier study (2.4, 0.26,
and 0.45, respectively). Importantly, the SSD model was also
successful in describing LIP by OT-I T cells (Fig. 3). The dif-
ference in behavior between the two clones was captured by the
SSD model with distinct values for the parameters l0 (the rate of
FIGURE 1. SSD model of T cell proliferation. The SSD model of cell
division is a modification of an SM (33)–based model described by Yates
et al. (28). After injection, cells are subject to a conditioning time (T)
before entering A phase, in which they are able to receive a stochastic
trigger to divide. Cells that receive this trigger undergo one round of cell
cycle in B phase of duration D hours, before returning to A phase where
they must reaudition for subsequent divisions, regardless of division his-
tory. The rate of entry into division (l) is described by a function of the
parameter m, which is linked to time or to cell number. A rate of death is
defined by d.
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entry into cell division under conditions of unlimited resource
availability) and T (the time to first division; Table I). The esti-
mated value of l0 was higher for OT-I T cells, consistent with the
more rapid response by this clonotype. In contrast, the condi-
tioning time T was shorter for OT-I than F5 T cells. The other key
parameter D (the duration of cell division) was similar for both F5
(0.24 d) and OT-I (0.34 d) T cells.
Autopilot models based on deterministic cell division processes
have proved useful and effective at describing proliferation induced
by antigenic stimulation (31). We previously showed that an au-
topilot model (see Supplemental Fig. 1) was not so suitable for
describing F5 LIP data (28). OT-I cells, however, proliferate much
more rapidly than F5 in LIP conditions and also acquire a memory
phenotype (Fig. 2), suggesting that LIP of OT-I cells may more
closely resemble Ag-driven responses. It was therefore important
to compare the SSD model with the autopilot model for OT-I, as
well as F5. However, it was clear that LIP by OT-I was much
better modeled with the SSD model than the “autopilot” model, as
reflected in the lower CrV for the SSD model fit, which is
a measure of goodness of fit (low is better). This suggests that LIP
is more stochastic than deterministic in nature and supported the
suitability of the SSD model for both clonotypes (Fig. 4, Table II).
Validating model predictions of T cell behavior
Parameter estimates for the time in cell division (D) were
0.34 d (8.16 h) for OT-I and 0.24 d (5.76 h) for F5 (Table I). These
values were compared with experimental estimates of duration of
the first cell division. Frequency–time distributions for entry of
cells into G1 phase of cycle, identified by Ki67 expression (41),
and the distribution of cells completing this first division, iden-
tified by analyzing cell dye levels, were determined. The x-axis
displacement between these frequency distributions provided an
empirical estimate of duration of first cell division (Fig. 5A), taken
when half the population had undergone first division. For both
F5 and OT-I T cells, Ki67 induction preceded completion of first
division by ∼8 h, a duration very close to the parameter values
estimated by the SSD model (Table I).
FIGURE 2. Contrasting homeostatic proliferative responses by F5 and
OT-I T cells. CFSE-labeled OT-I or F5 T cells were transferred to Rag12/2
recipients by i.v. injection (1.5 3 106 cells/mouse). At the indicated days
after transfer, spleens and lymph nodes were recovered from recipient mice
(n = 3–5 per time point) and analyzed by flow cytometry for expression of
CD8, CD5, CD44, and CFSE dilution. (A) Representative dot plots gated
on CD5+CD8+ lymphocytes show CD44 expression versus CFSE labeling
in the lymph nodes of mice that received either OT-I (left panels) or F5
cells (right panels). (B) The recovery of total (closed symbols, solid lines)
and precursor (open symbols, dashed lines) cells in recipient mice was
calculated from the spleen and lymph nodes. Data are pooled from two
independent experiments; lines of best fit were calculated by linear re-
gression, and symbols represent individual mice. Linear regression fits to
precursor pool size with time returned no negative slope.
Table I. Best-fit parameter estimations for the SSD model
Data Division History Division History + Cell Cycle
Parameters F5 OT-I F5 OT-I
l0 (/cell/day) 0.29 (0.27–0.47) 1.4 (1.3–1.8) 0.33 (0.26–0.36) 2.1 (1.6–3.0)
D (d) 0.24 (0.17–0.73) 0.34 (0.20–0.75) 0.21 (0.14–0.34) 0.28 (0.26–0.36)
T (d) 2.6 (2.4–2.6) 0.72 (0–0.76) 2.5 (2.4–2.6) 1.4 (1.2–2.5)
m 5.5E-6 (4.9E-6, 6.5E-6) 6.0E-6 (5.2E-6, 7.9E-6)
Best-fit parameter estimations for the SSD model (Fig. 2) were calculated using cell dye data or cell dye data in combination
with cell-cycle information (Fig. 1, Supplemental Figs. 2, 6). Numbers in parentheses are 95% confidence intervals.
FIGURE 3. Comparison of observed and model-predicted T cell pro-
liferation. Best-fit parameter estimates from the SSD model of cell division
were used to predict (A) the frequency of precursor cells in each division or
(B) the mean number of divisions undergone by the donor cell population.
At the indicated time points posttransfer, data predicted by the SSD model
(black bars, solid black lines) were compared with experimental data for
both OT-I (red bars, open red circles) and F5 (blue bars, open blue circles)
T cells.
3988 THE PROGRAM REGULATING HOMEOSTATIC T CELL DIVISION
 at G
lasgow
 U
niversity Library on D
ecem
ber 11, 2014
http://w
w
w
.jimmunol.org/
D
ow
nloaded from
 
We next examined the number of divisions triggered during LIP.
The model assumes that entry into cell division is cell density de-
pendent (exponentially decreased with increasing cell numbers), and
that there is only one cell division before returning to the “resting” A
phase. Consistent with these assumptions, LIP of F5 T cells is
rapidly halted after quenching lymphopenia by injecting mice with
a high dose of T cells (28). Significantly, despite the greater rate of
division of OT-I T cells, treatment with WT cells at day 3.5 after
initiation of LIP brought about an identical cessation of OT-I and
F5 T cell division by day 5 (Fig. 5B), suggesting that continued
division was dependent on the lymphopenic state of the host.
Simulating the reversal of lymphopenia by increasing N by 108 at
t = 3.5 d in the SSD model predicted a rapid reduction in T cell
proliferation as observed experimentally (Fig. 5B). Therefore, the
SSD model can successfully relate T cell division to the host
compartment size.
Improved parameter estimates using 7AAD as a marker for
dividing cells
In the SSD model with two separate compartments for resting and
dividing cells, better parameter estimates should be possible if cell
numbers in each of the two compartments could be estimated in-
dependently. Initial experiments using Ki67 to identify dividing cells
proved unsuccessful. We found that Ki67 expression was still de-
tectable in transferred T cells 7 d after lymphopenia was reversed
(Fig. 5B, Supplemental Fig. 2). In contrast, the DNA stain 7AAD
proved to work well by identifying dividing cells (Fig. 6). The SSD
model was therefore constrained using 7AAD to identify dividing
cells (Table I). The parameter estimates using 7AAD to estimate
dividing cells were very similar to those obtained using total cell
numbers only: the main differences being closer estimates of cell-
cycle time (D) for OT-I and F5 (0.28 and 0.21, respectively) with
smaller confidence limits, a slightly longer conditioning time (T)
for OT-I (1.4 compared with 0.72 d), and a slightly faster initial rate
of entry into cell cycle (l0) for OT-I (2.1 compared with 1.2).
FIGURE 4. Autopilot model does not fit proliferation of OT-I cells.
Best-fit parameter estimates from the autopilot model of cell division (see
Table II and Supplemental Material) were used to predict (A) the frequency
of precursor cells in each division or (B) the mean number of divisions
undergone by the donor cell population. At the indicated time points after
transfer, data predicted by the autopilot model (gray) were compared with
experimental data for OT-I cells (red).
Table II. Parameter estimates for OT-I LIP by the autopilot model
compared with the SSD model
Autopilot Model Two-Compartment (SSD) Model
Parameters OT-I Parameters OT-I
a 1.25 l0 (/cell/day) 2.315
b 3.41 m 0.41
D (d) 2.77 D (d) 0.62
T (d) 0.0 T (d) 0.591
CrV 1391 CrV 45.8
Best-fit parameter estimations for the SSD model and the autopilot model for OT-
I cells were calculated using cell dye data (fits shown in Fig. 4). For the SSD model,
l0 is rate of entry into B phase at n = 0 where N is the total number of T cells, m is
rate of change in l with N. For the autopilot model, a and b are parameters for the
probability of entry into cell cycle (see Supplemental Material).
D, Duration of cell division in both models; T, time before onset of LIP.
FIGURE 5. Experimental validation of model predictions. (A) CFSE-
labeled OT-I or F5 T cells were transferred to Rag12/2 recipients by i.v.
injection (1.5 3 106 cells/mouse). Mice were sacrificed at the indicated
days after transfer, and lymph node cells were analyzed by flow cytometry
for expression of CD5, CD8, Ki67, and CFSE dilution. Graphs show the
frequency–time distribution of OT-I (red) or F5 (blue) precursor cells
entering first cell cycle, identified as Ki67+ division 0 (dotted lines; Ki67+
cells), and distribution of cells completing their first division identified by
cell dye labeling (solid lines). Mean and SD of at least three mice per
group are shown; data are representative of four independent experiments.
The cell-cycle time for the first cell division was estimated at the midpoint
(lower panels, magnified view). (B) CFSE-labeled OT-I or F5 T cells were
transferred to Rag12/2 recipients by i.v. injection (1.5 3 106 cells/mouse).
At day 3.5 after transfer, groups of mice either received ∼50 3 106 Ly5.1+
WT T cells (dotted lines) or no cells as control (solid lines). At the indi-
cated days after transfer, blood was analyzed by flow cytometry for ex-
pression of CD5, CD8, Ly5.2, and CFSE dilution. Mean and SD of five
mice per group are shown, and data are representative of two independent
experiments. Observed experimental results (left panel) were compared
with predicted results according to the best-fit parameter values of the SSD
model (right panel).
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Predicting the kinetics and duration of LIP
The SSD model provided detailed and accurate descriptions of
cell-cycle behavior and cell division dynamics. However, a sterner
test would be to determine whether the model could predict the
timing and magnitude of the homeostatic point of equilibrium (the
set point). For this, we used the best-fit parameters obtained using
7AAD to identify dividing cells. The SSD model predicted that F5
and OT-I LIP would reach distinct set points, higher for OT-I than
for F5 (Fig. 7). These predictions were then compared with the
original training data set and a test data set generated to specifi-
cally measure the T cell population expansion at later time points,
beyond those used for the training data set. For F5 T cells, the
model provided good fits of the training data and made remarkably
good predictions of continued cell expansion close to that ob-
served in the test experimental data set (Fig. 7A). Predicted ex-
pansion of OT-I T cells was reasonable over the range of the
training data set (Fig. 7A), but the observed homeostatic set point
measured in the test data set was ∼2- to 4-fold greater than the
model prediction. Of significance, however, was that test data
clearly showed that the set point for OT-I T cells (4 3 106) is ∼4-
fold greater than for F5 T cells (∼1 3 106). This difference in set
point for the two T cell clones shown experimentally was suc-
cessfully captured by the model (Fig. 7A).
To further test the effect of cell number, we used the model to
predict growth of T cell populations using different initial starting
cell numbers. In each case, the model predicted a convergence of
T cell expansion to a common set point, regardless of starting N
(Fig. 7B). This was expected as the model has only one steady-
state. Three doses of F5 or OT-I T cells were transferred to Rag12/2
recipients and T cell number in blood followed over time to de-
termine whether this was also observed experimentally. For OT-I,
all three doses converged on a common set point (Fig. 7B). For F5
T cells, both higher doses converged on a similar set point, whereas
the lowest dose had not yet reached the plateau achieved by the
higher doses (Fig. 7B). However, analysis of total T cell numbers in
cohorts of mice at day 1 and the experiment end at day 86 revealed
extensive T cell expansion in all transfers (Fig. 7B). The fold ex-
pansion was inversely proportional to inoculating cell dose and was
greatest for the lowest initial starting cell number for both clones
(Fig. 7B). In the case of the lowest F5 T cell dose, cells had ex-
panded 40 times, the most of the 3 doses, and total recoveries were
only 2–5 times less than the other higher doses. Therefore, the
expected behavior of the SSD model, having a single set point re-
gardless of starting dose, was for the most part reflected by the LIP
response of OT-I and F5 T cells.
FIGURE 6. Comparison of Ki67 expression and DNA content in T cells
with SSD model predictions of cells in B phase. (A) CTV-labeled OT-I or
F5 T cells were transferred to Rag12/2 recipients by i.v. injection (1.5 3
106 cells/mouse). Recipient mice were sacrificed at days 3–18 after
transfer, and cells from the spleen and lymph nodes were analyzed by flow
cytometry for expression of CD5, CD8, and CTV dilution, as well as either
DNA content (by 7AAD stain) or Ki67 expression. Representative dot
plots are gated on CD5+CD8+ cells in the lymph nodes of recipient mice at
day 5 after transfer. Numbers indicate the frequency of total cells that are
actively dividing, defined by either expression of Ki67 or DNA content of
.2 N. (B) The observed frequency of actively dividing cells according to
either Ki67 expression (hatched bars) or DNA content.2 N (solid colored
bars) was determined for each division at the days indicated after transfer
for both OT-I (red) and F5 (blue) cells. Black bars indicate the predicted
frequency of cells in B phase according to the best-fit parameter values of
the SSD model (Fig. 1).
FIGURE 7. SSD model is sensitive to cell density and predicts the dose-
dependent expansion of clonal populations. Cell dye data were used to
calculate best-fit parameter estimations for the SSD model using training
data (Fig. 1). (A) Model parameters were then used to predict the total
number of F5 or OT-I donor cells in recipient mice at days 1–50 after
transfer. Independently, a second set of test data were generated by
transferring 1.5 3 106 F5 or OT-I T cells and assessing cell recoveries at
days 1, 20, 42, and 48 after transfer. Graphs show predicted expansion of
F5 (blue lines) and OT-I (red lines) T cells with observed training data
(open circles) and test data (filled triangles) for both OT-I (red) and F5
cells (blue). (B) Model parameters were used to predict T cell expansion
from different starting cell doses of either 103 (dotted lines), 104 (long
dashed lines), or 105 (solid lines). Observed data (middle and right panels)
were generated by sampling blood from the tail vein of mice that received
either 23 104 (dotted lines), 23 105 (long dashed lines), or 23 106 (solid
lines) donor OT-I or F5 T cells. Recipient mice were sacrificed 1 and 86
d after transfer, and total F5 and OT-I T cell numbers in the spleen and
lymph node were calculated. Bar charts show fold expansion of F5 and
OT-I T cells at day 86 over initial engraftment at day 1. Data are repre-
sentative of two independent experiments with at least four mice per group.
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Clonal competition between OT-I and F5
The SSD mathematical model described in this article is based
on competition between T cells for a resource required for ho-
meostatic proliferation where the rate of entry into cell division l
decreases with increasing cell numbers and/or decreasing availability
of the resource. One important question that arises from such a
model is whether different clonotypes, in this case, OT-I and F5,
compete for the same resource (such as IL-7) or a different resource,
which could, for example, be spMHC. If OT-I and F5 compete for
the same resource, the SSD model will give different trajectories of
cell numbers over time for LIP with both clonotypes combined
compared with individual OT-I and F5 responses. To examine this,
we determined the predicted trajectories for OT-I and F5 alone and
in combination, with the tacit assumption of the model of com-
petition for the same resource (Fig. 8A). The presence of competing
F5 cells had a small impact on predicted OT-I cell expansion. In
contrast, expansion of F5 cells was substantially reduced by the
presence of competing OT-I cells. These different effects can be
explained by the lower value of l0 for F5 compared with OT-I
(0.33 compared with 2.1 as shown in Table I). Because l0 is the
maximum rate of division in the absence of competition, this
parameter could also reflect the ability of each clonotype to
compete for a common resource. LIP in mice reconstituted with
OT-I and F5 either alone or in combination was determined ex-
perimentally to confirm these model predictions (Fig. 8B). The
results from this experiment are remarkably similar to the model
predictions, strongly supporting competition between OT-I and F5
for the same resource.
Discussion
After activation by Ag, T cells are triggered into a rapid burst of
∼10–15 cell divisions resulting in profound expansion (42). Cell
division can occur extremely rapidly, as fast as 2–3 h (43), and
independently of further TCR triggering, at least to some extent
(44). In contrast, homeostatic cell division is characterized by
a slower rate and fewer divisions. This generalized view is com-
plicated, however, by substantial heterogeneity in homeostatic
responses in terms of whether to divide, and if so, how fast to
divide, and whether division is accompanied by differentiation
into memory-like cells. It has been unclear whether such diverse
behavior is governed by a set of rules common to all T cells and
whether these rules were fundamentally the same or different
from those of Ag-induced proliferation. In this study, we found that
diverse clonal responses of naive T cells to lymphopenia in mice
can be accounted for by a common model of cell-cycle control
based on SSDs with resource competition between T cells. LIP of
OT-I T cells is among the most rapid reported for any class I–
restricted TCR transgenic (25) and was estimated here to be five to
seven times the rate of F5 T cells. Despite this, an autopilot model
of cell division was less effective at describing OT-I T cell LIP. In
addition, OT-I T cell proliferation was halted by reversal of
lymphopenia in an identical manner to F5 T cells, despite the
substantial differences in proliferation rate, showing that contin-
ued lymphopenia for both OT-I and F5 T cells was required for
LIP. This finding is inconsistent with autopilot models that require
only an initial triggering stimulus. Taken together, these results
strongly suggest that the two T clonotypes are controlled by the
same qualitative mechanisms and in a similar manner.
Analyzing the diverse proliferative responses of OT-I and F5
T cells with the SSD model helped identify those key parameters
that define clonal homeostatic reactivity. The duration of cell di-
vision during LIP (D) identified from best-fit parameter estima-
tions revealed division times of between 5 and 7 h (Table I) that
were approximately the same for both T cell clonotypes. Empir-
ical measurements confirmed the accuracy of these estimates and
together suggest that the time taken to progress through the cell
cycle is independent of TCR specificity. In contrast, the rate of
entry into cell division in the absence of any T cell competition
(l0) represented a key and independent clonal property. There was
∼6-fold difference in l0 between OT-I and F5 T cells (Table I). In
addition to distinct functional avidities for spMHC, F5 and OT-I
T cells also express different levels of IL-7Ra (38). IL-7 induces
cell growth in T cells (45), and this is required for TCR-triggered
LIP responses (13). Therefore, higher IL-7Ra expression may
account for faster rate of entry into cell division of OT-I cells.
Another parameter that was distinct between OT-I and F5 cells
was the time to initiation of LIP (T). Both T cells required time in
which to “detect” lymphopenia after transfer and to respond, but
this was somewhat shorter for OT-I T cells than F5 cells (1.4
versus 2.5 d). However, the clonotypic differences in T (time to
first division) were modest next to a time scale of weeks for the
proliferative response and have a minor impact on predictions of
LIP. Thus, the parameter l0 likely represents the key clonotypic
property defining the differences in homeostatic behavior of dif-
ferent T cells, and other parameters (T, D, m) share similar or
identical values between clonotypes.
Constraining the model further by including cell-cycle data
obtained by measuring DNA content with 7AAD provided modest
improvements in accuracy of parameter estimations (Table I).
DNA staining provided measurements of cells in cycle remarkably
close to the estimations for cells in B phase obtained from the
models. In contrast, induction of Ki67 was only a good predictor
of entry of undivided cells into cell cycle, and it appears that cells
maintained expression long after completion of division. Our own
data from mice in which lymphopenia was reversed showed that
Ki67 in vivo has a relatively long t1/2 in the absence of continued
cell division because Ki67 expression was detectable even 7 d after
FIGURE 8. Competition between OT-I and F5 cells. Cell dye data were
used to calculate best-fit parameter estimations for the SSD model using
training data (Fig. 1). (A) Model parameters were then used to predict the
total number of F5 (blue) or OT-I (red) donor cells in recipient mice at days
1–50 after transfer. Predictions were made for OT-1 and F5 cells trans-
ferred alone (solid line) or combined (dotted line). (B) CFSE-labeled OT-I
and/or F5 T cells were transferred to Rag12/2 recipients by i.v. injection
either independently (106 cells/mouse) or together (106 cells of each
clonotype per mouse). Blood was sampled from the tail vein of recipient
mice at weekly intervals and numbers of transferred populations of T cells
calculated (left panel) for OT-I or F5 T cells transferred either indepen-
dently (solid lines) or together (dotted lines). Recipient mice were sacri-
ficed at 43 d after transfer, and total donor T cell numbers in the spleen and
lymph node were calculated. Bar charts show total OT-I (red) or F5 (blue)
cells recovered from mice that received either a single clonotype (solid
bars) or both clonotypes (striped bars). Mean and SD of at least five mice
per group are shown.
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reversing lymphopenia (Supplemental Fig. 2). Therefore, Ki67
indicates recent cell-cycle activity rather than being a strict marker
of current division. In support of this view, attempts to use Ki67
data to constrain the model were unsuccessful. However, these data
did reveal many Ki67 negative cells in all divisions, including
division 1, at 10 d after cell transfer. This clearly indicates that cells
do ultimately return to a G0 state, and for cells in division 1, this is
clearly after just a single division.
The finding that a single model can account for the diverse
behavior of two distinct T cell clones greatly increases the prospect
that homeostasis of the T cell compartment can be successfully and
usefully modeled in the future. The two-compartment SSD models
used in this study were successful in capturing the finer details of
the LIP of both clones and, perhaps most significantly, in predicting
set points for each. Identifying l0 as the key clonotype-specific
parameter should help construct simple models. Significant chal-
lenges remain. The distribution of l0 in the CD8 repertoire is not
known. In addition, cell death did not play a significant role in LIP
over the first 20 d of the response and was convenient to ignore.
However, it is extremely unlikely that this will be the case in more
complex settings, with mixed populations. Another key issue is
the impact of intraclonal and interclonal competition. In this study,
we analyzed OT-I and F5 T cell responses in isolation and in
competition with each other. The model predictions in this case
were remarkably similar to experiment (Fig. 7) and are entirely
consistent with interclonal competition for a common resource.
One obvious contender is IL-7. In this case, the parameter
l0 might reasonably be interpreted as the ability of each clonotype
to respond to IL-7. This interpretation is consistent with the
known higher level of IL-7R expression on OT-I cells compared
with F5. In physiological settings, the repertoire consists of many
clones. Intraclonal competition can occur at the level of access for
specific spMHC, whereas interclonal competition can occur both
for cellular access to DCs, which are relatively rare cells in lymph
nodes, and competition for soluble homeostatic factors such as IL-
7 and other cytokines. The SSD model presented in this article has
the potential to take these extra factors into consideration without
losing the ability to identify key parameter values, and offers the
real prospect of formulating models that can accurately describe
and predict behavior of the heterogenous T cell compartment.
Such models would represent the genuine prospect of systems
level modeling of T cell homeostasis that could test and predict
the impact of pharmaceutical or infectious perturbations of dif-
ferent aspects of T cell function.
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